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Abstract We present spectra of the 3.3 µm and 11.2 µm features of a large
number of stellar sources, planetary nebulae, reflection nebulae, H II regions and
extragalactic sources, obtained with the SWS spectrograph on board ISO. Clear
variations are present in the profiles of these features. Most of the sources show
a symmetric 3.3 µm feature peaking at ∼3.290 µm, while only very few show
an asymmetric 3.3 µm feature peaking at a slightly longer wavelength ( . 0.007
µm). The profiles of the 11.2 µm feature are distinctly asymmetric with a steep
blue rise and a red tail. The majority of the sources has a 11.2 µm feature
peaking between 11.20 and 11.24 µm, with a very steep blue rise and a low
tail-to-top ratio. A few sources show 11.2 µm features with a peak position of
∼11.25 µm, a less steep blue rise and a high tail-to-top ratio. The sources are
classified independently based on the 3.3 and 11.2 µm feature profiles and peak
positions. Correlations between these classes and those based on the 6–9 µm fea-
tures (Chapter 3) are found. In particular, sources with the most common profiles
in the 6–9 µm region also show the most common 3.3 and 11.2 µm feature pro-
files. However, the uncommon profiles do not correlate with each other. Also,
these classifications depend on the type of object. In general, H II regions, non-
isolated Herbig AeBe stars, YSO’s and galaxies in our sample all show common
profiles for all 3-12 µm features. Some of the planetary nebulae and Post-AGB
stars show uncommon feature profiles. The observed pronounced contrast in the
spectral variations for the CH modes versus the CC modes is striking : the peak
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wavelengths of the features attributed to CC modes vary by∼25–50 cm−1, while
for the CH modes the variations are ∼4–6.5 cm−1. We summarise existing lab-
oratory data and theoretical calculations of the modes emitting in the 3–12 µm
region of PAH molecules. We attribute the variations in peak position of the 3.3
and 11.2 µm feature to the presence of a mixture of PAH molecules. The varia-
tions in FWHM of the 3.3 µm feature remains an enigma while those of the 11.2
µm can be explained by anharmonicity and molecular structure. The possible
origin of the observed contrast in profile variations between the CH modes and
the CC modes is highlighted.
4.1 Introduction
The infrared spectra of a wide variety of sources are dominated by strong emission features
at 3.3, 6.2, 7.7, 8.6 and 11.2 µm (3040, 1615, 1310, 1160, 890 cm−1), commonly called
the unidentified infrared (UIR) emission features (cf., Gillett et al. 1973; Geballe et al. 1985;
Cohen et al. 1986). These features have been detected and studied in a large number of
stellar sources – planetary nebulae, reflection nebulae, H II regions and extragalactic sources –
indicating that the emitters of these features are surprisingly widespread and extremely stable,
and therefore form a very important component of the interstellar medium (Allamandola et al.
1989b).
The UIR features are generally attributed to PAHs or PAH related molecules (Allaman-
dola et al. 1989b), although the exact molecular identification remains uncertain. Compelling
evidence suggests that the features are due to a complex mixture of ionised and neutral, possi-
bly substituted/complexed PAHs of many different sizes (Schutte et al. 1993; Bakes & Tielens
1994; Boulanger et al. 1998b; Bakes et al. 2001; Hony et al. 2001; Verstraete et al. 2001; Pech
et al. 2001, Chapter 3). Therefore the overall appearance of the features including the pro-
files, relative strengths and peak positions, are determined by a large number of PAH related
parameters, parameters which are determined by local conditions and the PAH history.
High-resolution spectroscopy, as obtained with the Infrared Space Observatory (ISO,
Kessler et al. 1996), has revealed the richness of these widespread variations in the relative
strength and profiles of the features from source to source and within sources (Verstraete
et al. 1996; Tielens et al. 1999; Maillard et al. 1999; Joblin et al. 2000; Hony et al. 2001,
Chapter 3). Peeters et al. (Chapter 3) have shown that there are even variations in the position
and profiles of the major peaks and have classified the sources in their sample according to
the peak positions of the 6.2, 7.7 and 8.6 µm features independently (Fig. 3.17 and 4.4, panels
b and c). Interestingly, the classifications of the different features were found to correlate and
three main classes with significant different feature profiles were identified. Most sources in
their sample are in class A (A6−9 hereafter). Sources with features peaking at significantly
longer wavelengths were referred to as class B (B6−9 hereafter). The two sources in their
sample showing a 6.3 µm feature exhibit neither a 7.7 µm complex nor a 8.6 µm feature.
Instead, both sources show a broad emission feature at 8.22 µm. These sources are referred
to as class C (C6−9 hereafter). Furthermore, the observed 6–9 µm PAH spectrum was found
to depend on the type of object and linked to local physical conditions.
To extend our insight of the PAH family and its dependency on the local physical con-
ditions, we study and classify the profiles of the 3.3 and 11.2 µm feature in the ISO-SWS
spectra of a wide variety of sources. In Sect. 4.2 our sample and the observations are pre-
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sented; the data reduction, the influence of extinction and the decomposition of the spectra
are discussed. In Sect. 4.3, the 3.3 and 11.2 µm features are first classified according to their
profile and the relations between the classifications of all features in the 3–12 µm range are
investigated, as well as their correlation with object type. Subsequently, variations in features
associated with CH and CC modes are compared. In Sect. 4.4, the spectral characteristics
of PAHs in the 3–12 µm range as measured in the laboratory and calculated by quantum
chemical theories are summarised. The implications of the spectroscopic and observational




For this study, we take the sample of Peeters et al. (Chapter 3) and reduce it to contain spec-
tra with sufficient signal-to-noise (S/N) in the 3.3 and/or 11.2 µm regions (Table 4.1). This
reduced sample includes 49 sources from a wide variety of objects, ranging from Reflec-
tion Nebulae (RNe), (compact) H II regions, Young Stellar Objects (YSO), Post-AGB stars,
Planetary Nebulae (PNe) to galaxies.
4.2.2 Observations and reduction
All spectra in the sample were obtained with the Short Wavelength Spectrometer (SWS, de
Graauw et al. 1996) on board ISO, using the AOT01 scanning modes at various speeds or the
AOT06 mode, with a resolving power (λ/∆λ) of ∼500-1500.
The data were processed with the SWS Interactive Analysis package IA3 (de Graauw
et al. 1996) using calibration files and procedures equivalent with pipeline version 7.0 or
later. Further data processing consisted of bad data removal and rebinning with a constant
resolution, as described in Chapter 2.
In case of high fluxes, the spectra can suffer from memory effects. Here, this only applies
to the 11.2 µm feature. At the time the data reduction was done, no memory correction tool
was available and the average of the up and down scans is taken. The influences of memory
effects is investigated as described in Chapter 3 and are found not to alter the 11.2 µm feature
profile significantly.
The 11.2 µm band is situated at the end of the AOT band 2C (7–12.3 µm). Near the
end of the AOT band, the noise level increases due to a lower responsivity of the instrument.
This responsivity effect in combination with residual fringes (mostly noticeable at the end of
this band in a few detectors) results in a large increase of the noise level, starting around 11.3
µm.
4.2.3 The continuum
To study the feature profiles in different sources, we subtract a local continuum. This contin-
uum determination is somewhat arbitrary. A local spline continuum or a polynomial of order
2 is fitted to the spectra in a wide wavelength region around the features (Fig. 4.1). In the 3.3
µm region, the plateau from about 3.2 to 3.6 µm was subtracted after the subtraction of the
continuum, using a Gaussian with peak position 3.42 µm and a FWHM of 0.242 µm. For the
11.2 µm feature, the plateau and the continuum are fitted together using a single spline. To
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Table 4.1 — The classifications of the 3–12 µm PAH features.
Source PAH features Object type
3.3a 6.2a,b 7.7a,b 8.6a,b 11.2a
IRAS 10589-6034†? A A A A A compact H II region
IRAS 12063-6259† A A A A A compact H II region
IRAS 15384-5348† A A A A A compact H II region
IRAS 15502-5302† A A A y y compact H II region
IRAS 18116-1646†? A A A A A compact H II region
IRAS 18032-2032† A A A A A compact H II region
IRAS 18317-0757† A A A A A compact H II region
IRAS 18434-02424,† A A A \ A compact H II region
IRAS 19442+24274,† A A A A A compact H II region
IRAS 21190+5140 A A A A A compact H II region
IRAS 22308+5812 A A A A A compact H II region
IRAS 23030+5958 A A A A A compact H II region
IRAS 23133+6050 A A A A A compact H II region
W3A 02219+61254,† A A A A A compact H II region
OrionBar D2 B1 A A A A H II region
OrionBar D5 A A A A A H II region
OrionBar D8 A A A A A H II region
OrionBar H2S1 A A A A A H II region
OrionBar BRGA A A A A A H II region
Orion PK1†,[ A A A A A H II region
Orion PK2†,[ A A A A A H II region
G327.3-0.5† A A/B1 A A A H II region
IRAS 02575+6017†,[ A A A A A H II region +YSO
GGD-27 ILL†,[ AV A A A A star forming region
S106 (IRS4)†,[? A A A A A YSO
IRAS 03260+3111 A A A A A Herbig AeBe star
BD+40 4124 A A A A A Herbig AeBe star
CD-42 11721†? A A A A A Herbig AeBe star
CD-42 11721(off)†? A A A A A Herbig AeBe star
HD 970484 A A AB A A Herbig AeBe star
HD 179218 B?V B1/2 B B y isolated Herbig AeBe star
NGC 7023 I A A A A A RN
NGC 2023 A A A A A RN
MWC 9224 B1 B1 A \ y emission-line star
CRL 2688 A C C C y Post-AGB star
HD 441794 B2 B2 B B B Post-AGB star
HR 4049 B B2 B B B Post-AGB star
IRAS 16279-4757 A A A A A Post-AGB star
IRAS 13416-6243 B C C C y Post-AGB star
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Table 4.1 — Continued.
Source PAH features Object type
3.3a 6.2a,b 7.7a,b 8.6a,b 11.2a
IRAS 21282+5050 A A AB A A(B) Post-AGB star
BD+30 36394 A B1 B B A(B) PN
Hb5 A A / A B PN
HE 2-113 A B2 B B B PN
IRAS 07027-7943 A B2/3 B B y PN
IRAS 17047-56504 A B1 B B B PN
NGC 70274 A A B B A(B) PN
circinus† y A A A B Seyfert 2 galaxy
M 82†?,[ A A A A A(B) Startburst galaxy
NGC 253[ A A A A A(B) Seyfert galaxy
a: Central wavelength is given in µm; b: Directly taken from Chapter 3. y: Feature is present but too
weak and/or too noisy to classify; \: Source with an unusual 8.6 µm feature (see Chapters 3 and 8);
4: Sources suffering from memory effects at 11 µm; †: Silicate absorption (9.7 µm) present; [:
Water ice absorption around 3 µm;  : Up- and down-scans disagree around 3.3 µm feature, but profile
clearly of class B; /: Strong [NeVI] present on top of the 7.6 µm feature hampers the classification;
V : Classification by Van Kerckhoven (2002).
assess the sensitivity of the resulting profiles to the continuum or plateau choice, two extreme
fits were defined and subtracted. In general, the influence of the continuum and/or plateau de-
termination on the profile is very small and hence does not change the classification/profiles
of the sources.
4.2.4 Extinction
The data are not corrected for extinction. The influence of extinction on the 3.3 and 11.2 µm
feature profiles is investigated as described in Chapter 3. The extinction is found to be quite
gray over the short wavelength region and thus has no significant influence on the profiles of
the features.
Seven sources show water ice absorption around 3 µm (see Table 4.1). The 3.3 µm feature
is situated in the red wing of the water band and, hence, its profile could be influenced (Gibb
et al. 2000). Since we draw a local spline continuum around the 3.3 µm feature, we neglected
the ice absorption and assume it has no influence on the profiles.
4.2.5 Scaling
After subtracting the continuum and/or plateau, the spectra were scaled to have the same
integrated intensity in the investigated wavelength range. In the case of the 3.3 µm feature,
the lower and upper limits for integration are chosen to be 3.26 and 3.32 µm, respectively.
Obviously, the H recombination line, Pfδ, at 3.296 µm is excluded in the integration. For
the 11.2 µm feature, the lower limit (11.1 µm) is chosen so as to exclude the 11.0 µm feature,
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Figure 4.1 — Illustrative examples of the continuum underneath the 3.3 and 11.2 µm features exam-
plified by NGC 7027. The full line represents the local continuum and the dashed line in the top panel
represents the continuum the plateau. See text for details (Sect. 4.2.3).
while the upper limit is determined by the most extreme end of the feature (11.6 µm).
4.3 The feature profiles
4.3.1 The 3.3 µm feature
Nearly all sources in our sample show a pronounced 3.3 µm feature. Only for Circinus the
S/N in this region was insufficient for the classification. The extreme similarity of most
observed 3.3 µm feature profiles is very striking (Fig. 4.2, top panel). Only six sources in
our sample show deviations in their 3.3 µm features (see Table 4.1 and Fig. 4.2, middle and
bottom panel).
Based on the profile of the 3.3 µm feature, the sources can be classified into three classes,
designated as A3.3, B13.3 and B23.3 (Tables 4.1 and 4.2). Class A3.3, containing most
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Figure 4.2 — Some examples of the 3.3 µm feature. The spectra are scaled so that the peak intensity
equals 1. Note that a H recombination line (Pfδ at 3.296 µm) is present in the spectrum of the Orion
Bar and NGC 7027. The top-panel illustrates the similarity of the class A3.3 features observed in most
sources. The middle- and bottom-panel show the difference between class A3.3 and B13.3 (MWC 922)
and B23.3 (HD 44179), respectively.
sources, has a symmetric profile with a peak position of ∼3.290 µm and a FWHM of 0.040
µm (Fig. 4.2, top panel). Class B13.3 and B23.3 have asymmetric profiles with peak positions
of∼3.293 and∼3.297 µm respectively, both with a FWHM of 0.037 µm. The profile of class
B23.3, represented by HD 44179, is shifted with respect to class A3.3, and has a less steep
blue wing (Fig. 4.2, bottom panel). The profile of class B13.3, represented by MWC 922, is
intermediate; its red wing is similar to the A3.3 profile, but the blue wing is clearly shifted
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Table 4.2 — Overview of the defined classifications of the 3.3 and 11.2 µm PAH features. See text
for details.
Class peak wavelength FWHM profile
µm cm−1 µm
A3.3 ∼3.290 ∼3039 ∼0.040 symmetric
B13.3 ∼3.293 ∼3037 ∼0.037 asymmetric
B23.3 ∼3.297 ∼3033 ∼0.037 asymmetric
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A11.2 ∼11.20-11.24 ∼889.6-892.9 ∼ 0.17 asymmetric
A(B)11.2 ∼11.20-11.24 ∼889.6-892.9 ∼ 0.21 asymmetric
B11.2 ∼ 11.25 ∼888.9 ∼ 0.20 asymmetric
and the peak position is slightly to the red compared to the A3.3 profile (Fig. 4.2, middle
panel). The up- and down-scans of HR 4049 and IRAS 13416-6243 disagree around the
peak. Nevertheless, these sources can be clearly classified as B3.3. The 3.3 µm feature of
Elias 1 is similar to that of HD 44179 (class B3.3, Van Kerckhoven 2002). Also HD 179218
is probably of class B3.3, i.e. its 3.3 µm feature agrees much better with the class B3.3 profile
than with class A3.3 (Van Kerckhoven 2002).
Tokunaga et al. (1991) also recognised two types of 3.3 µm features. The profile, peak
position and width of their type 1 agree well with class A3.3, defined here. Their type 2,
based on spectra of HD 44179, Elias 1 and WL 16, has a similar peak wavelength compared
to our classes B3.3, but is much narrower, with a FWHM of ∼0.020 µm. These conclusions
were based on spectra taken with a 2.7′′ aperture. Kerr et al. (1999) showed, in a detailed
spatial study of HD 44179, that the 3.3 µm profile width clearly varies with distance from the
central source, and at one positions, even has a FWHM of ∼0.041 µm. The 3.3 µm profile of
HD 44179 in our sample is a combined spectrum of all these profiles, due to the large beam
of the SWS spectrograph (14′′x20′′), thereby explaining its large FWHM compared to the
profile found by Tokunaga et al. (1991).
4.3.2 The 11.2 µm feature
All sources in the sample of Peeters et al. (Chapter 3) exhibit emission at 11.2 µm. However,
in several sources, this emission is too weak and/or too noisy to be able to study the 11.2 µm
profile in detail. In addition, HD 100546 exhibits crystalline silicates (Malfait et al. 1998) and
hence the 11.2 µm emission band is a combination of PAH emission and crystalline silicate
emission. Therefore, these sources are excluded from our profile study. As a consequence,
the 11.2 µm band profile is not studied for the class C6−9 sources. In addition, only 5
sources of class B6−9 are included in this sample (Table 4.1).
All 43 sources in this reduced sample show a pronounced 11.2 µm feature, sometimes
preceded by a weak feature at about 11.0 µm. The emission profiles of the 11.2 µm feature
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Figure 4.3 — Some examples of the 11.2 µm feature. The spectra are scaled so that the peak in-
tensity equals 1. The top-panel shows the class A11.2 feature, represented by the Orion Bar and the
class A(B)11.2 feature, represented by NGC 7027. The difference between class A11.2 and B11.2
(HD 44179) is illustrated in the bottom panel.
are distinctly asymmetric with a steep blue rise and a red tail. Although the profile of the 11.2
µm feature is similar for all the sources (Fig. 4.3, top panel), when examined in detail small
differences become apparent (Fig. 4.3, bottom panel). A definite range in peak positions
and in the strength of the red tail relative to the peak strength (denoted as tail-to-top ratio)
is present in our sample. Perusing the derived profiles, we recognise 2 main classes, which
we will designate by A11.2 and B11.2 (Table 4.2, Fig. 4.3). First, the majority of the 11.2
µm bands peak between 11.20 and 11.24 µm, show a very steep blue rise, and have low
tail-to-top ratio (Fig. 4.3, top panel). This group will be referred to as class A11.2. Within this
class, the peak position and the top of the profiles vary slightly. Class B11.2 represent sources
with a peak position of ∼11.25 µm, a less steep blue rise (compared to class A11.2) and a
high tail-to-top ratio (Fig. 4.3, bottom panel). A few sources (class A(B)11.2) clearly belong
to class A11.2 in term of peak position and steepness of the blue wing, but have a tail-to-top
ratio similar to class B11.2 (Fig. 4.3, top panel).
4.3.3 Feature profile correlations
Comparing the 3.3, 11.2 and 6–9 µm classifications in Table 4.1, we recognise a correlation
between them. In general, an A classification in 6–9 µm region also implies an A3.3 and
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A11.2. However, this does not seem true for the B and C classifications; B3.3 and B11.2 do
not necessarily correlate with each other or with B6−9 or C6−9.
To illustrate the observed variations in the class B profiles, a few examples can be given.
HD 44179 and HR 4049 have class B profiles, considering all features. BD+30 3639, how-
ever, has 6–9 µm features of class B and 3.3 and 11.2 µm features of class A. Other sources,
as IRAS 17047-5650 and He 2-113, have 3.3 µm features of class A3.3, but class B for the
longer wavelength features. Of the two sources of class C6−9, one (IRAS 13416-6243) has
a 3.3 µm feature of class class A3.3 and the other (CRL 2688) of class B3.3. In contrast,
within the 6–9 µm range, spectral class B7.7 also (almost) invariably implies B6.2 and vice
versa. The 11.2 µm classes follow in this respect much more the 6–9 µm than the 3.3 µm
behaviour.
Perusing the spectra, it is striking that the variations in the 6–9 µm region are much more
pronounced than those of the 3.3 or 11.2 µm features (cf., Fig 4.4; Table 4.2). Specifically
the peak position in wavenumber space varies by about 26, 51 and 11 cm−1 for the 6.2, 7.7
and 8.6 µm features, respectively, and only by about 6.5 and 4.0 cm−1 for the features at 3.3
and 11.2 µm, respectively.
From an astronomical point of view, correlations between the classes and the different
object types are found. Almost all H II regions, non-isolated Herbig AeBe stars and YSO’s in
our sample are in the class A, considering all features. An interesting exception is the Orion
Bar position D2, showing a B13.3 feature and class A 6–12 µm features. The galaxies in our
sample are in the class A, considering all features, except for the 11.2 µm feature, which is
of class A(B)11.2 or B11.2. Most PNe have 6–9 µm features of class B6−9, a 3.3 µm feature
of class A3.3 and a 11.2 µm feature of class B11.2 or A(B)11.2. The PN Hb5 is of class A6−9
and has a 3.3 µm feature of class A3.3, and a 11.2 µm feature of class B11.2. The Post-AGB
stars in our sample are spread over the classes. IRAS 16279-4757 is in class A considering
all features. IRAS 21282+5050 is of class A6−9 and has a 3.3 µm feature of class A3.3, and
a 11.2 µm feature of class A(B)11.2. The two extreme metal poor binary system Post-AGB
stars, HD 44179 and HR 4049, are in class B considering all features. The same is true for
the isolated Herbig AeBe star HD 179218, although its 11.2 µm feature is too weak/noisy to
be classified. Thus, in conclusion, the correlation between spectral class and object is much
tighter in the 6–9 µm region than in the 3.3 and 11.2 µm regions.
We also checked for correlations between the different classes of the 3.3 and 11.2 µm
features and the local radiation field G0. For both features individually, the range in G0
of the sample sources classified as class A straddles that of class B sources and A(B)11.2
sources.
To summarise, considering the correlation between the spectral classes and object type,
the 3–12 µm PAH spectrum apparently reflects local physical conditions or the accumulated
effect of processing from the formation sites in the AGB or post-AGB phases to the ISM or
the influence of disk chemistry (Peeters et al., Chapter 3). This correlation reflection is more
apparent in the 6–9 µm region than in the 3.3 and 11.2 µm regions. The variations in the local
physical conditions are found to cause larger variations in profiles of the features in the 6–9
µm region than in those of the 3.3 and 11.2 µm features. Furthermore, the 3.3 µm feature





Figure 4.4 — An overview of the observed variations in the profiles of the 3–12 µm PAH features. The spectra in each panel are scaled independently
so that the peak intensity equals 1. For all features, class A peaks at the shortest wavelengths (black line), and class B peaks at longer wavelength. In the
6–9 µm region, another class (C) is defined peaking at even longer wavelength and having a deviating spectral appearance (see Sect. 4.1 and Chapter 3 for
details). Class A is represented by the IRAS 23133 in the 6–9 µm region and by the Orion Bar for the 3.3 and 11.2 µm features. HD 44179 represents
class B and IRAS 13416 represents class C. Note that a H recombination line (Pfδ at 3.296 µm) is present in the spectrum of the Orion Bar.
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4.4 The infrared emission features and PAHs
The 3.3 and 11.2 µm bands arise from the radiative relaxation of CH stretching and CH
out-of-plane bending vibrations of highly excited polycyclic aromatic hydrocarbons. This is
in contrast with the nature of the 6.2 and 7.7 PAH features which originate from vibrations
mainly involving CC stretching motions. Thus, while one would expect strong global correla-
tions amongst all of the bands that arise from the same family of molecules, when comparing
the behaviour of bands involving CH modes with those involving CC modes, subtle important
differences are expected. These differences reflect not only differences in local conditions,
but also structural differences within the emitting family itself, and – in the case of the 3.3
µm band emission – distinct differences in the subset of the emitting PAH population.
4.4.1 The CH stretching mode and the 3.3 µm band
The interstellar 3.3 µm band has been assigned to the PAH C-H stretching mode since it
correlates with the presence of the other PAH emission features and falls squarely in the
wavelength range canonically attributed to aromatic C-H stretches (3100–3000 cm−1 (3.23–
3.33 µm), Silverstein & Bassler, 1967; “near 3030 cm−1 (3.3 µm)”, Bellamy, 1958). As
with all fundamental vibrational frequencies, the precise position depends on many factors
including molecular size, charge state, structure, molecular heterogeneity, and so on. The
vast majority of the data available to address each of these has been measured in absorption.
In the astrophysical case, where PAH emission spectra are measured in emission and not
absorption, the level of molecular excitation also effects peak position and profile. Each of
these factors which influence fundamental band position will now be discussed.
Before focusing on the individual properties which influence the intrinsic positions and
profiles of the absorption bands, it is important to place this all in the context of the emission
process, keeping in mind that the interstellar spectrum arises from the combined emission of a
complex mixture of PAHs. In emission, each individual line should have an approximately 30
cm−1 FWHM, consistent with the natural linewidth expected from each emitting molecule
(Allamandola et al. 1989b). This natural linewidth arises from intra-molecular vibrational
energy redistribution, not the blending of individual rotational lines in the emitting molecules
which remain rotationally cool throughout the excitation/emission process (e.g. Brenner &
Barker 1992; Williams & Leone 1995; Cook & Saykally 1998). Due to the high internal
energy content of the emitting molecules, a 10 to 20 cm−1 redshift is intrinsic to this emission
process (Flickinger et al. 1991; Brenner & Barker 1992; Colangeli et al. 1992; Williams &
Leone 1995; Joblin et al. 1995; Cook et al. 1998).
PAH size is particularly important in the case of the interstellar 3.3 µm band since this
feature originates from the smallest members of the emitting PAH population (Allamandola
et al. 1989b; Schutte et al. 1993). PAHs containing between roughly 25 to 70 carbon atoms
contribute most of the emission in this feature, with the dominant species between NC ∼ 25
to 50. This is in contrast to the situation for the longer wavelength emission features which
arise from increasingly larger, and overlapping members of the interstellar PAH population.
Mattioda et al. (2003, in preparation) have carried out a spectroscopic study of 10 different
isolated PAHs with NC between 36 and 50 in their neutral as well as positively and negatively
charged states. The molecules in this study contain a variety of edge structures. The mean
position of the all the C-H stretching bands in this sample can be grouped by charge. These
are 3084 cm−1, 3102 cm−1 and 3062 cm−1 (3.24 µm, 3.22 µm, and 3.27 µm) for the neu-
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tral, cationic, and anionic forms respectively. Variations are also found within an individual
charge state, variations which arise from the differences in size and molecular structures. For
the neutrals, the mean position ranges between 3071 and 3095 cm−1 (3.256 and 3.231 µm),
for the cations they fall between 3089 and 3113 cm−1 (3.237 and 3.212 µm), and for the
anions they span from 3047 to 3088 cm−1 (3.282 and 3.238 µm). The breadth and small
variance of the interstellar 3.3 µm emission band likely arises because the CH stretching
position (in absorption) for the vast majority of PAHs of a single charge class range over 25
to 30 cm−1. With the 10 to 20 cm−1 redshift inherent in emission, the observed range and
position can be used to place constraints on the PAHs responsible for the 3.3 µm band.
PAH edge structure is also important. As this becomes more complex, the local envi-
ronment of the different C-H bonds in the same molecule sample can vary sufficiently and
influences the individual stretching frequencies. Thus, for a large molecule with long straight
edges, there is little interaction between the stretching motions of CH groups on adjacent rings
and the FWHM of the dominant peak in the region is 18 cm−1 (0.019 µm at 3.3 µm). On
the other hand, if a similarly large molecule that has jagged edges with many “notches” and
“bay regions”, CH groups on opposing sides of these gaps interact perturbing their stretching
motions. As a result, the FWHM of the CH stretching feature in such a species is substan-
tially broadened and may be as wide as 70 cm−1 (0.074 µm) or more (Mattioda et al. 2003,
in preparation).
Regarding hetero-atom substitution, Mattioda et al. (2003, in preparation) have investi-
gated the spectra of 11 nitrogen-substituted PAHs, spanning the NC range from 9 to 21 and
found that nitrogen substitution does not influence the CH stretching band frequency.
Analysis of the interstellar 3.3 µm feature with this information provides important new
insight into the nature of the smallest members of the interstellar PAH population. The
strongest conclusion concerns charge state of the emitting species. Taking into account the
10 to 20 cm−1 redshift inherent in the emission process, and the frequency ranges for neutral,
cationic and anionic PAHs listed above, cations can be ruled out as significant contributors
to the 3.3 µm band. Based on position alone, neutral and negatively charged PAHs can only
contribute. This is in contrast to the emission at longer wavelengths (6-10 µm) where in-
tensity arguments have shown that emission at these wavelengths is dominated by positively
charged PAHs.
4.4.2 The CH out-of-plane bending modes
Chemists have long recognised the diagnostic value of the aromatic CH out-of-plane bend-
ing features in the 11 to 15 µm spectral region for the classification of the aromatic ring
edge structures present in a particular sample (Bellamy 1958). Specifically, the positions and
intensities of the bands in this spectral region reflect the type and number of adjacent CH
groups on the peripheral rings of the PAH structure (Bellamy 1958; Allamandola et al. 1985;
Cohen et al. 1985; Le´ger et al. 1989; Roche et al. 1989; Witteborn et al. 1989; Allaman-
dola et al. 1999b; Hudgins & Allamandola 1999a). Traditionally, aromatic rings carrying CH
groups which have no neighbouring CH groups (termed “non-adjacent” or “solo” CH groups)
show IR activity between 11.1 and 11.6 µm. Likewise, activity between 11.6 and 12.5 µm
is indicative of two adjacent CH groups (“duet” CH’s) on the periphery of the PAH. Three
adjacent CH groups (“trio” CH’s) are indicated by activity in the 12.4 to 13.3 µm region,
and four adjacent CH groups (“quartet” CH’s) by activity between 13 and 13.6 µm. Five
adjacent CH groups (“quintuply-adjacent” or quintet CH’s) are indicated by features falling
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in the 13 to 13.7 µm range. The availability of a database of astrophysically-relevant PAH
infrared spectra exploring a wide range of structures, sizes and ionisation states has now per-
mitted us to deepen our understanding of this region of the spectrum (Hudgins & Allamandola
1999a; Hony et al. 2001). Our current understanding is illustrated below in Fig. 4.5 which
schematically compares the average interstellar emission spectrum with the wavelength re-
gions associated with different CH adjacency classes for neutral and ionised, isolated PAHs.
Inspection of this Figure shows that, while the ranges for matrix-isolated neutral PAHs do
not differ substantially from those reported in the literature, ionisation produces some no-
table changes in region boundaries. Regarding the ISO SWS observations of the dominant
11.2 µm interstellar band, and taking into account the roughly 0.1 µm red-shift in the peak
wavelength of PAH bands in emission relative to their position in absorption, we can draw
the following conclusions:
• The weak interstellar emission band sometimes observed on the short wavelength side
of the dominant 11.2 µm band and peaking near 11.0 µm falls in the region at-
tributable to the solo-CH modes of PAH cations.
• The peak of the 11.2 µm interstellar band falls squarely within the region for the solo-
CH modes of neutral PAHs and at the extreme long wavelength end of the range for
solo cationic modes.
• The variable red wing of the interstellar 11.2 µm band likely carries a contribution
from the duet-CH modes of PAH cations, particularly those with condensed structures
whose features tend to fall near the lower extreme of the characteristic region shown in
Fig. 4.5 (Hudgins & Allamandola 1999a).
4.4.3 The CC stretching modes
The CC stretching modes occur in the 6–9 µm range. Within this range, the band at the
longer wavelengths (6.5–9 µm) have a mixed CC stretch and CH in-plane-bending vibration
character. All CC modes bands are very weak relative to the CH modes in neutrals, but
become the dominant bands in ions (Szczepanski & Vala 1993b; Langhoff 1996; Hudgins &
Allamandola 1999a; Kim et al. 2001). Hence, we will focus here on the CC modes in cations.
The peak position of the pure CC stretch is influenced by molecular size, structure, and
molecular heterogeneity (see e.g. Chapter 3). Extensive laboratory and theoretical quantum
mechanical studies have shown that a peak as blue as 6.2 µm does not occur for pure-C PAH
cations in the (interstellar) size range 20-100 C-atoms. Substitution of N in the ring induces
strong IR activity of the CC modes at the highest frequencies within this range and bands
around 6.2 µm do become intense. This is the result of the localisation of the charge on the
N in the ring. While there is presently no corroborating experimental or theoretical evidence,
a similar behaviour may occur for large PAHs with uneven and irregular edge structures,
PAH clusters and/or PAH complexes with metals. For the longer wavelength modes, both
pure-C PAH cations as well as N-substituted PAH cations can show prominent bands near
the interstellar 7.6 µm position. The 7.8 µm band is more enigmatic, however, and no good
match with laboratory species exists.
4.5. Discussion 127












Figure 4.5 — A comparison of the average interstellar spectrum (top) with the ranges characteristic
of the out-of-plane bending modes of neutral and cationic PAHs (bottom). Details of the average inter-
stellar spectrum are given in Hony et al. (2001). The boxes indicate the wavelength regions associated
with the out-of-plane bending vibrations of the various adjacency classes of the peripheral CH groups
as determined from matrix isolation spectroscopy. Figure adapted from Hony et al. (2001).
4.5 Discussion
As discussed in Sect. 4.4, the detailed peak positions and profiles of emission bands due to
PAHs are affected by the charge, the size, the emitting subset of the PAH family and the
molecular structure of the family of PAHs present in the source. In addition, these spectral
characteristics also depend somewhat on the excitation of the molecule (Barker et al. 1987;
Joblin et al. 1995; Pech et al. 2001). Due to the many parameters involved, the interpretation
of the variations in the profiles is a complex problem and further laboratory and theoretical
studies are required to unambiguously identify the underlying causes for these variations.
However, any explanation of the observed variations should explain the main observational
conclusions of this paper: the observed variation in the 3.3 and 11.2 µm features and the
observed large contrast in the spectral variations for the CH modes versus the CC modes.
4.5.1 The variations in the CH emission features
Anharmonicity
The profiles of the 6.2 and 11.2 µm bands are fairly asymmetric with a steep blue rise and a
pronounced red wing (cf., Fig. 4.4, Witteborn et al. 1989; Roche et al. 1996, Chapter 3). This
behaviour is very characteristic for anharmonic broadening in highly vibrationally excited
molecules (Barker et al. 1987; Verstraete et al. 2001; Pech et al. 2001). Due to cross-coupling
between different modes, the peak position of an IR band will shift towards lower frequen-
cies. Integration over the energy cascade, leads then in a natural way to a red shaded profile.
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The red wing can be further enhanced due to emission from vibrationally excited levels (eg.,
vibrational hot bands, v = 2 → 1) which are generally shifted towards the red due to the
anharmonicity of the vibrational potential of the mode. These anharmonicities can be quite
different for different modes. Anharmonicity parameters for a few small PAHs have been
estimated from laboratory studies on the temperature dependence of the peak wavelength and
width of the absorption bands (Joblin et al. 1995) and from the difference between low tem-
perature absorption measurements and infrared multi-photon dissociation studies of trapped
PAH ions (Oomens et al. 2002, in preparation).
Models are very successful in explaining the general characteristics of the observed pro-
files of the interstellar 6.2 and 11.2 µm bands: the steeper blue rise and the pronounced red
tail (Pech et al. 2001). However, these models cannot explain the large shift observed in the
6.2 µm band between classes A, B, and C. That still has to reflect a chemical/structural
modification of the emitting PAHs, for example due to the incorporation of N (Peeters et al.,
Chapter 3). In their study of the 11.2 µm band, Pech et al. (2001) focused on the observations
of the PN, IRAS 21282+5050, a class A(B)11.2 profile. Perusing their calculated profiles,
we notice that an increase in excitation – either through a decreased size or an increase in
internal energy – does increase the strength of the red wing but does not shift the peak posi-
tion or change the blue rise. Thus, the profile of the mixed class, A(B)11.2, (cf., Table 4.2)
can be interpreted as a change in the excitation in the same population of PAHs. In contrast,
the variation in profiles between classes A11.2 and B11.2 is not readily explained within the
anharmonicity model; e.g., excitation variation leads to imperceptible redshifts and do not
affect the blue rise. So, differences between classes A11.2 and B11.2 must reflect variations
in the composition or molecular structure of the emitting PAH family. The profiles of the
3.3 µm feature show more deviations with the calculated profiles of Pech et al. (2001) and
Verstraete et al. (2001), in particular in the peak position and the red wing. Perusing the
calculated profiles of the 3.3 µm feature by Pech et al. (2001), we notice that an increase in
excitation – either through a decreased size or an increase in internal energy – shifts the peak
position towards the red and simultaneously increases the FHWM. Our class B3.3 profiles
peak at longer wavelengths but have smaller FWHM compared to class A3.3 profiles. Thus,
the variation in profiles between classes A3.3 and B3.3 can not be due to anharmonicity.
Molecular edge structure
The 3.3 µm feature If we assume that the FWHM of the 3.3 µm feature is mainly in-
fluenced by the molecular edge structure, the observed variation in FWHM (and hence in
class) implies that the PAH family present in three sources in our sample (i.e. HD 44179,
MWC 922, HR 4049) are dominated by more compact PAH molecules compared to the
PAH family present in all other sources in our sample (Sect. 4.4.1 and Table 4.2). Based
on the relative strengths of the CH out-of-plane bending modes, the molecular structure of
the PAH molecules can be deduced (Hony et al. 2001). Let’s consider the following sources
: HD 44179 belonging to B3.3 and B11.2; NGC 7027, member of A3.3 and B11.2 and the
IRAS 18317 representing classes A3.3 and A11.2. Hony et al. (2001) found that NGC 7027
is dominated by large, compact PAHs with straight edges and IRAS 18317 by smaller or ir-
regular PAHs. Although these two sources represent the extremes in the observed intensity
ratio in their sample and hence the extremes in molecular structure, they both belong to A3.3.
In addition, the relative strengths of the CH out-of-plane bending modes of HD 44179 are
comparable to NGC 7027 and hence their molecular structure is similar (Hony et al. 2001).
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However, their 3.3 µm features belong to different classes. Therefore, we can conclude that
the molecular edge structure is not the main cause of the variation in the FWHM of the 3.3
µm feature.
The 11.2 µm feature The invariance of the CH out-of-plane bending modes may be an
inherent property of interstellar PAHs. Within the subset of PAHs studied in the laboratory or
quantum chemically, the peak position of the solo modes in neutral PAHs falls very closely
to the observed interstellar peak position of 11.2 µm. Now, possibly, any molecular structure
variations, which lead to shifts in the 6–9 µm CC bands, may be inherently accompanied by
modification of the CH peripheral structure which turn CH solo’s into duo’s or trio’s.
The 11.2 µm feature correlates well with the 3.3 µm band and hence may trace the
emission by neutral PAHs. However, duet CH’s of compact PAH cations may contribute
to the red wing of the 11.2 µm band (Sect. 4.4.1 Hudgins & Allamandola 1999a; Hony
et al. 2001). Hence, it is possible that the observed variation in the 11.2 µm band reflects
variation in the contribution of these cationic duet modes. This would imply that B and A(B)
objects have more compact PAH cations. Indeed, the analysis of the pattern of emission
features in the CH out-of-plane bending modes region (i.e. 10–15 µm) strongly supports this
conclusion.
PAH family and the survival of the fittest
The variation in peak position of the CH modes is likely due to the presence of a family
of PAH molecules each emitting at a similar but slightly different frequency. The variation
in the peak position of the 3.3 and 11.2 µm band, measured in the laboratory or quantum-
chemically calculated, is much larger (0.02 µm; 20 cm−1 and 0.3 µm; 20 cm−1 respectively)
than observed in space (∼ 0.007 µm; 6 cm−1 and ∼ 0.05 µm; 4 cm−1 respectively). It
is clear that only a small subset of the PAHs studied by these means is present in space.
The physical/chemical characteristics of this subset are presently unclear but may well prove
important in identifying the PAHs present in space and the processes that regulate their inter-
stellar abundances.
The local radiation field
Tokunaga et al. (1991) noted that the central stars of the few sources known to show a 3.3
µm feature deviating from the class A3.3 profile, all had relatively low effective temperatures
(∼ 104 K), suggesting a correlation between stellar effective temperature and PAH feature
profiles. However, some objects in our sample, IRAS 03260+3111 for example, have rel-
atively low effective stellar temperatures (Hony et al. 2001), but show A3.3 class profiles.
Furthermore, within HD 44179 classifications of the 3.3 µm feature change from class B3.3
to class A3.3 (Kerr et al. 1999). Also in our sample, similar behaviour is seen in the Orion
Bar, of which position D2 shows a B13.3 feature, while at the other positions the 3.3 µm
features are of class A3.3. For these reasons, the lower effective temperatures cannot be the
main cause for variation in the 3.3 µm feature. Similar conclusions have been drawn for the
longer wavelength features by Van Kerckhoven (2002) and Peeters et al. (Chapter 3).
Since variations are seen within objects (cf. HD 44179 and the Orion Bar), it may be that
the local radiation field, G0, influences the profiles of the feature. However, no link between
G0 and the different classes of the 3.3 and 11.2 µm features is found. Analogously, Peeters
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et al. (Chapter 3) found no relation between G0 and the 6–9 µm PAH emission features.
Hence, we can conclude that the observed variation in the main PAH emission features are
not directly related with G0.
To summarise, the variation in peak position is likely due to the presence of a mixture
of PAH molecules. Both anharmonicity and molecular structure can explain variation in
the FWHM of the 11.2 µm feature but can not explain the difference in peak position. In
contrast, the variation in the FWHM of the 3.3 µm feature remains an enigma.
4.5.2 The CH modes versus the CC modes
Perusing the spectra, it is striking that the variations in the 6–9 µm region are much more
pronounced than those of the 3.3 or 11.2 µm features (cf., Fig 4.4; Table 4.2). Specifically
the peak position in wavenumber space varies by about 26, 51 and 11 cm−1 for the 6.2, 7.7
and 8.6 µm features, respectively, and only by about 6.5 and 4.0 cm−1 for the features at
3.3 and 11.2 µm, respectively. The 6.2 and 7.7 µm features have an exclusive or large CC
stretching character, while the 3.3 and 11.2 µm features are assigned to CH modes. The 8.6
µm feature is due to a combination of CC and CH modes (Allamandola et al. 1989b). This
implies that variations in the features assigned to CC modes are significantly larger than those
assigned to CH modes.
Charge state
Experimentally and quantum chemically, it is well established that the 6–9 µm CC modes are
dominated by cations while the 3.3 µm CH stretching mode is due to neutrals (Szczepanski
& Vala 1993b; Langhoff 1996; Hudgins & Allamandola 1999a; Kim et al. 2001, Mattioda
et al. 2003, in preparation). There is some observational support that this dichotomy between
the CC and CH stretching modes, also extends to the 11.2 µm CH out-of-plane bending
mode. Specifically, the strength of the astronomical 11.2 µm mode correlates well with the
3.3 µm CH stretching band and not with the 6.2 µm CC stretching band. This may be taken
to imply that the interstellar 11.2 µm band also predominantly originates in neutral carriers
(Hony et al. 2001). This is corroborated to some extent by models of the infrared emission
of PAHs in the ISM which show that the out-of-plane bending modes have a large neutral
component (Bakes et al. 2001). Within this framework, the difference in spectral variations
between CH and CC modes may then merely reflect that they probe different parts of the
interstellar PAH population. For example, the chemical modification process might be mainly
operative on cations and not on neutrals. In that respect, because ionisation and neutralisation
of interstellar PAHs occurs on a very rapid timescale, this would imply a similar fast chemical
exchange. It is unlikely that this is connected to the incorporation of N in the PAH rings.
However, PAH clusters or PAH-metal complexes may be formed and broken on a similar
timescale (Van Kerckhoven 2002).
Size
The invariance of the 3.3 µm feature with respect to the CC modes and even to the CH out-
of-plane bending modes is likely also related to distinct subsets of emitting PAH molecules.
Indeed, the 3.3 µm feature originates from the smallest members of the emitting PAH popu-
lation while the PAH features in the 6–12 µm region originates from somewhat larger PAHs
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in the population. Similar as with PAH charge, the chemical modification process is mainly
operative on larger PAH molecules. This would indicate that photo-chemistry is not the
driving force behind the observed spectral variation since smaller PAHs will be much more
susceptible to unimolecular dissociation following photon absorption.
CH out-of-plane bending modes
As mentioned already, any molecular structure variations, which lead to shifts in the 6–9 µm
CC bands, may be inherently accompanied by modification of the CH peripheral structure
which turn CH solo’s into duo’s or trio’s.
Substituted/complexed PAHs
Substitution of nitrogen in the ring induces strong IR activity of the CC modes at the highest
frequencies within this range and bands around 6.2 µm do become intense. However, it does
not influence the peak position of the CH modes while the peak positions of the 7.7 µm
complex are influenced but not in a systematic way. Therefore, nitrogen substitution might
cause variations in the 6.2 µm feature but does not influence the other features. Complexes
of PAHs with each other or with metal atoms might also cause the spectral variation in the 6–9
µm range. However, the influence of complexity on the CH modes still has to be investigated
in the laboratory.
To summarise, several parameters can cause the difference in the amount of variation
between the CH and CC modes, i.e. the charge state, the size, the CH out-of-plane bending
modes and substituted/complexed PAHs. Further laboratory studies are required to determine
which of these parameters(s) controls the spectral characteristics of PAHs in space.
4.6 Conclusions
We have studied the profiles of the 3.3 and 11.2 µm PAH features of a wide variety of sources
and found that clear variations are present. Both features shift in peak position and show dif-
ferent profiles from source to source. Comparing the 3.3, 6–9 and 11.2 µm classifications, we
recognise a correlation between them. In general, and A classification in 6–9 µm region also
implies an A3.3 and A11.2. However, this seems not true for the B and C classifications; B3.3
and B11.2 do not necessarily correlate with each other or with B6−9 or C6−9. In addition,
these variations depend on the type of object considered and apparently reflect local physical
conditions or the accumulated effect of processing from the formation sites in the AGB or
post-AGB phases to the ISM. However, the most striking aspect of the features in the 3–12
µm regions is the pronounced contrast in the profile variations between the CH modes and
the CC modes. Specifically, the peak position in wavenumber space varies by about 26, 51
and 11 cm−1 for the 6.2, 7.7 and 8.6 µm features, respectively, and only by about 6.5 and 4.0
cm−1 for the features at 3.3 and 11.2 µm, respectively.
We summarise existing laboratory data and theoretical calculations of the modes emitting
in the 3–12 µm region of PAH molecules. We attribute the variations in peak position of
the 3.3 and 11.2 µm feature to the presence of a mixture of PAH molecules. The variations
in FWHM of the 3.3 µm feature remains an enigma while those of the 11.2 µm can be
explained by anharmonicity and molecular structure. The possible origin of the observed
contrast in profile variations between the CH modes and the CC modes is highlighted.
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